We discuss aspects of adaptive optics optimization for large fusion laser systems such as the 192-arm National Ignition Facility (NIF) at Lawrence Livermore National Laboratory (LLNL). By way of example we considered the discrete actuator deformable mirror and Hartmann sensor system used on the Beamlet laser. Beamlet is a single-aperture prototype of the 1 1-0-5 slab amplifier design for NIF, and so we expect similar optical distortion levels and deformable mirror correction requirements. We are now in the process of developing a numerically efficient object oriented C++ language implementation of our adaptive optics and wavefront sensor code, but this code is not yet operational. The results shown below are based instead on the prototype algorithms, coded-up in an interpreted array processing computer language.
INTRODUCTION
Coherent optical adaptive techniques (COAT) utilizing deformable or so called "rubber" mirrors played a major role the 1970's and early 80's in increasing laser fluence from high energy lasers on distant targets, obscured by refractive index distortions from atmospheric turbulence, thermal heating ofthe atmosphere by the laser beam, as well as source related problems such as laser amplifier medium distortions, optical transport system aberrations, and pointing and tracking errors. 1 We have many of the same problems, of course, in directing high power laser beams onto sub-millimeter sized targets intended for inertial confinement fusion (ICF) research, and must deal with tens to hundreds of laser arms, large optical components and long beanilines. Adaptive optics research, particularly from the late 1980's onward, has had a major impact on improving the focal plane image quality of astronomical systems with apertures typically exceeding 1 -meter. Today some 20 observatories utilize laser generated "guide stars" or "beacons" and adaptive optics control systems. Laser generated Rayleigh scatter in the lower atmosphere (10-20 kin), or resonant fluorescence from Na in the upper atmosphere (90-100 km) create the "guide star". The "guide star" is imaged through the telescope optics onto a Shack-Hartmann wavefront sensor. The waveftont gradient data from the sensor is used in an active control loop to drive the actuators on the deformable mirror in the telescope's secondary optical train to increase the focusability of the system. If the "guide star" is in the same (or nearly the same) field of view as the astronomical object, then a highly corrected focal plane can be achieved. Astronomy-based deformable mirrors with tens to several hundred actuating elements have been successfully fielded.2
For much the same reasons, designers of large aperture laser systems for ICF consider adaptive optics wavefront correction of utmost importance to maintain high target irradiance levels and accurate target pointing. The adaptive optics requirements for the 192-arm NIF at LLNL have been detailed in the conceptual design report3 A 70 x 70 mm aperture deformable mirror has been successfully implemented on the Beanilet system at LLNL and is mated to a ShackHartmann sensor with 77 lens elements. The Beamlet deformable mirror uses a highly-reflective dielectric coating on a continuous glass substrate, on the back of which is attached the 39 PMN (electrostrictive lead-manganese-niobate ceramic) actuators in a hexagonal arrangement. 4 The 60 x 60 mm central region of the mirror controls the 34 x 34 cm Beamlet aperture. The 70-mm size deformable mirror is located in the path ahead of the optics that inject the beam into the 4-pass amplifier cavity. Beamlet uses both an input and output Hartmann sensor, and a diffraction limited CW reference beam in conjunction with the input Hartmann sensor to perform the mirror calibration. A paper by J. T. Salmon and coworkers describes the Livermore system.5 This system has achieved a focusability as measured by the Strehl ratio6 of greater that 0.5 atmoderate (1 TW) system powers, in an otherwise "cold" system, by pre-correcting for the prompt flashlamp-induced thermal distortion in the slab amplifiers. Recently, closed-loop deformable mirror correction has been extended to 1 -second ahead of a system shot, thus allowing substantial beam focusability improvement in a "hot" system; that is, a system with thermal distortions in the heated air columns and residual thermal distortions in the slab amplifiers.7 Work is ongoing to quantify the improvements.
A 40 x 40 cm aperture deformable mirror (clear aperture of 36.5 x 36.5 cm) with 39 actuators is now under construction at LLNL for testing on Beamlet, and will demonstrate adaptive optics control from within the main multi-pass cavity, at full beam size, rather than in the front-end optics as is now implemented on Beamlet. This 40-cm mirror will replace one of the cavity mirrors. Since this mirror will see two bounces prior to laser pulse switch-out from the main cavity, a higher level of peak-to-valley wavefront correction can be applied, up to 20 waves peak-to-valley8, thus potentially allowing a faster shot rate or reduced amplifier cooling. With a full scale mirror, a higher density and/or nonuniform placement of actuators might be attempted to optimize the mirror design against specific aberrations that we expect. Also, a large mirror might be used in conjunction with a specialized small mirror or an advanced spatial phase modulation system.9 Adaptive optics are also being investigated at Osaka University'0 for use on Gekko XII system, and by Commissariat a L'Energie Atomique (CEA) for the 240-arm Laser Megajoule (LMJ) system. The Osaka mirror design has been demonstrated at the 40-cm diameter with 37 mechanical actuators for use with the 32-cm diameter Gekko XII beam.
MODELING RESULTS
Optimization of a deformable mirror design involves significant variation of mirror parameters such as the spacing between actuators, actuator density in the active beam area, the shape of the actuator influence profiles, and the degree of actuator cross-coupling. Of consideration to the mechanical designer of the mirror, but not to us, are such things as substrate stiffness, actuator stiffness, actuator force requirements, and actuator mechanical efficiency, which is the ratio of mechanical surface deformation to actuator displacement. These mechanical parameters determine the surface deformation profiles, the actuator centers of influence, and edge-distortion effects. In modeling we will always assume that the accumulated surface deformation profile for the mirror is the linear superposition of profiles from each actuator, acting independently. Thus from actuator force and linearity requirements, the surface deformations cannot be more than 5 or so waves. The mirror performance at a fixed design varies strongly with the type of wavefront aberration that we are attempting to correct. We will illustrate this below, specifically with the 39.actuator Beamlet mirror design. We note that other lower and higher density designs utilizing a hexagonal arrangement of actuators and Hartmann lenses have been considered. With a Gaussian influence shape, the coupling is therefore 27 %. The optical magnification following the Beamlet mirror is 5.673, so the actuator spacing projected to the full beam is 6.52-cm. Assuming that the mirror can correct a spatial sinusoidal ripple with a period twice the actuator spacing, the 39-actuator mirror would effect the far field irradiance out to 8.1 iradians. Simulations indicate that when the mirror is required to correct high wavefront gradients for large thermal distortions, the far field beyond 8.1 .Lradians can be significantly affected. Therefore, a simplified spatial frequency domain modeling approach for the mirror in a real system is insufficient.
Coworkers at LLNL have identified many of the sources of wavefront distortion on Beamlet.5 Long spatial scale (>10 cm) static aberrations from spatial filter lenses and amplifier disks give 2 to 2.5 waves peak-to-valley error at the output diagnostics plane. Small scale finishing errors are a few tenths of a wave. In a "cold" system, the prompt flashlamp-induced thermal distortion in the amplifier disks is approximately 2-waves in after (4-passes at 11 slabs/pass + 5 booster slabs) =49 amplifier slabs. Once the system has been "fired", nonuniform cooling increases the peak-to-valley distortion (mostly long-scale) from 2.5 to 5 waves, depending on cool-down time.
At four hours the aberration resembles 2-waves of cylinder in the vertical direction and about 1 wave of opposite cylinder distortion along the horizontal. The thermal "turbulence" effects in the air columns result in up to 0.5 waves peak-tova1ley fluctuation in a "cold" system, and up to 1 .0 wave in a "hot" system. The spatial scale for these air column effects is reported to be at 3-cm and longer. Figures 2, 3, and 4 illustrate the three aberration types that we used in the modeling. The prompt pump-induced distortion in the amplifier slabs is shown in the left picture inFig. 2. Static medium scale aberrations are also present from the spatial filter lenses, in addition to the slabs. The left picture in Fig. 3 shows the wavefront on a second system shot, with added thermal distortion following a three to four-hour cool-down from a previous shot. The peak-tovalley distortion has increases from 1 .77 waves to 3.00 waves. The r.m.s. value went from 0.37 1 to 0.601 waves, and the Strehi ratio dropped from 0.126 to 0.015. When the effects of air column "turbulence" are added, we obtain the wavefront shown in Fig. 4 . This wavefront includes 1 wave additional peak-to-valley distortion at a correlation radius of 5-cm. This aberration was randomly generated using a Gaussian random aberration model scaled to a peakto-valley of 0.3 16-waves, applied at the entrance and exit planes of the 4-pass cavity 1 1-slab amplifier section, and the single-pass 5-slab booster amplifier section. The total system peak-tovalley error increased to 4.64 waves, the r.m.s. error increased to 0.989 waves, and the Strehl ratio dropped to a rather meaningless 2.6 x i0. Note that this random aberration was "cooked" up in the Beamlet system model, but is based on overall peak-to-valley measurements using the output Hartmann sensor. It does not represent any specific data. The prompt pump-induced distortion and thermal distortion from previous slab heating are based on low resolution system measurements. 5 In the adaptive optics code we simulate the mirror calibration procedure. 4 We push each actuator by a fixed amount (1-rim), and calculate the distortion of the mirror surface above the center of influence of the actuator, and the wavefront gradients of a reference beam at the.
Hartmann lens locations using a far field algorithm and gray-scale centroiding (with thresholding at 1% for numerical stability). To build the "reconstruction" matrix9 for the control loop, we invert the 39 by 154 matrix of Hartmann sensor wavefront gradient values using the singular value decomposition method of least-squares-estimation. Since the wavefront gradient has x-and y-components, there are 154 gradient values -double the number of lenses. The output field for laser system simulation with a "flat" mirror is read into the Hartmann sensor code which returns the 154 element array ofwavefront gradient values. Matrix multiplying the gradient array by the reconstruction matrix returns the amplitude or "push" on each of the 39 actuators. Influence ftmction specifications for the Beamlet mirror, or scaled from the Beamlet mirror, are then used to re-create the mirror surface. Changing the sign of the actuator amplitudes amounts to generation ofthe "phase-conjugate" surface required for pre-correction. Mirror location, as well as single or double-bounce considerations, may require a scaling and/or inversion correction to the mirror surface. By scaling the influence function radius and considering various influence function shapes, such as super or sub-Gaussian shapes, for example, we can examine the performance of a given mirror design.
Examples of adaptive optics corrections for the three target aberration types discussed above are also shown in Figs 2 to 4. The system simulation with a "flat" minor is performed first so that the wavefront will sample the static, pump-induced, and thermal aberrations built in the system model. This uncorrected wavefront is shown in the 1eftmost picture, as explained above. The mirror pre-correction shapes are calculated from the field at the output relay plane (also the output Hartmann sensor plane) and then used in a second run with pre-conections applied at the small mirror location. The mirror pre-correction shapes, as applied to the wavefront, are shown in the center pictures. The right-most picture is the output wavefront with the adaptive optics corrections. Starting from a "cold" system, the pre-correction increases the Strehi ratio to 0.668, the peak-to-valley is reduced to 1 .025, and the r.m.s. error is reduced to 0.097, as shown in Fig.   2 . Adding longer scale thermal aberrations to a "hot" system appears not to stress the 39-actuator mirror, as shown in Fig. 3 . The Strehi ratio is increased to 0.690, the peak-to-valley reduced to 1 .096 waves, and r.m.s. error reduced to 0.095 waves. When Gaussian random thermal fluctuations are introduced at a scale below the actuator spacing as shown in Fig. 4 , the 39-actuator mirror has difficulty but still can achieve a StrehI ratio of 0. 1 09. The large peak-to-valley variaton of 4.64 waves is reduced to 1 .82 waves and the r.m.s. error goes to 0.248 waves. The mirror in this case must have a stroke of over 5 waves to control the far field irradiance. Far field irradiance images for 3.8 TW simulations are shown in Figs. 5 and 6. The left image is the simulated irradiance with the "fiat" mirror, the right shows the irradiance with the adaptive optics. In a "cold" system, with the current Beamlet model, we predict that the 80% enclosed power radius can be reduced from 20.8 to 14.7 j.tradians at 3.8 TW. In a "hot" system with serious thermal distortion, the 80% radius might only be reduced from 24.8 to 1 9.8 j.xradians. At power levels below 1 TW, we predict that the 14.7 could go down to 8.6 jiradians in a "cold" system, and from 19.8 down to 15.2 j.tradians in a "hot" system. While these images have a striking resemblance to real data and are in good agreement with parts of the data set, remember that they are only simulations, dependent strongly on various assumptions and short-comings of any system model. We are continuing to investigate the laser modeling issues and whether higher density adaptive optics can provide a cost/performance benefit, considering the focusability requirements for the various NIF target missions.
CONCLUSION
We mentioned in the abstract that we are working on a C++ version of our adaptive optics modeling code. Our laser system propagation and simulation codes at LLNL are also being rewritten in C++. We are doing this to exploit modem programming design techniques such as abstraction, inheritance, and encapsulation. Also, recent advances in compiler technology and C++ class design, particularly the use of expression templates, allows scientific C++ to run as fast as FORTRAN.11 Extensive use of vector and array classes allow scientists to translate physical models and mathematical expressions into readable, maintainable, and fast code. In addition, we believe that our C++ code will run efficiently in a parallel machine architecture with multi-processors and/or on multiple machines, thus providing the computational performance to allow intelligent optimization over a wide range of laser system and deformable mirror design parameters.
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